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ABSTRACT
In explaining the physical origin of the jet composition of gamma-ray bursts (GRBs),
a more general picture, i.e. the hybrid jet model (which introduced another magnetiza-
tion parameter σ0 on the basis of the traditional fireball model), has been well studied
in Gao & Zhang. However, it still has not yet been applied to a large GRB sample.
Here, we first employ the “top-down” approach of Gao & Zhang to diagnose the photo-
sphere properties at the central engine to see how the hybrid model can account for the
observed data as well, through applying a Fermi GRB sample (eight bursts) with the
detected photosphere component, as presented in Li (our Paper I). We infer all physical
parameters of a hybrid problem with three typical values of the radius of the jet base
(r0 = 10
7, 108, and 109 cm). We find that the dimensionless entropy for all the bursts
shows η  1 while the derived (1+σ0) for five bursts (GRB 081224, GRB 110721A,
GRB 090719, GRB 100707, and GRB 100724) is larger than unity, indicating that in
addition to a hot fireball component, another cold Poynting-flux component may also
play an important role. Our analysis also shows that in a few time bins for all r0 in
GRB 081224 and GRB 110721A, the magnetization parameter at ∼ 1015cm (1+σr15) is
greater than unity, which implies that internal-collision-induced magnetic reconnection
and turbulence may be the mechanism to power the nonthermal emission, rather than
internal shocks. We conclude that the majority of bursts (probably all) can be well
explained by the hybrid jet problem.
Keywords: Gamma-ray Burst (629); Astronomy data analysis (1858); Relativistic jets
(1390)
1. INTRODUCTION
One of the most fundamental, yet unsolved, questions in gamma-ray burst (GRB) physics is the
nature of jet composition. A crucial debate focuses on the physical origin of jet compositions—
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2 Li.
whether it is originated from a baryonic-dominated fireball (e.g., Pe’Er & Ryde 2017) or a Poynting-
flux-dominated outflow (e.g., Zhang 2018).
An important scenario invokes a quasi-thermal component indicating a hot fireball origin, which
is introduced by Paczynski (1986) and Goodman (1986) with a pure fireball picture (composed
of positron-electron pair and hot photons) in the early time. Later, it is introduced by Shemi &
Piran (1990) and Paczynski (1990) with a baryon-dominated fireball framework (baryons + positron-
electron pair and hot photons) in order to be consistent with the observations. In this baryon-
dominated fireball scenario, the two-component spectral scenario is expected to be found in the
observed spectrum during the prompt emission: a quasi-thermal component originates from the
fireball photosphere (Ruffini et al. 1999, 2000, 2013; Me´sza´ros & Rees 2000; Rees & Me´sza´ros 2005)
when the optical depth goes to unity, and the emergent spectrum can be modified by the Planck-like
function; a nonthermal component originates from the internal shocks (IS; Paczynski & Xu 1994;
Rees & Meszaros 1994) in the optically thin region.
An alternative scenario invokes a nonthermal component from the synchrotron radiation of the
Poynting-flux-dominated outflow (e.g., Zhang 2014). There are two possibilities to generate the
prompt emission. One may originate from the matter-dominated emission region (Drenkhahn &
Spruit 2002; Thompson 2006; Giannios 2008), while another may invoke the moderately Poynting-
flux-dominated emission region via magnetic reconnection, such as an internal-collision-induced mag-
netic reconnection and turbulence (ICMART) event (Zhang & Yan 2011). The GRB emergent spec-
trum from such a scenario is likely to be in good agreement with the observations that the typical
GRB spectrum is known with the Band-like form (Band et al. 1993), which is usually taken to
represent a nonthermal emission component.
Observationally, a majority of GRBs present a nonthermal dominant Band-like spectrum. The
Band function (Band et al. 1993) has two exponentially joined power laws, which are separated by
typical peaks at ∼ hundreds keV, and the two power-law indices α (below the peak) and β (above
the peak) are typically distributed at ∼ −1.0 and ∼ −2.2, respectively. Alternatively, the baryon-
dominated fireball scenario has been also confirmed by the observations since a quasi-thermal spectral
component was found in the time-integrated or the time-resolved spectral analysis for some GRBs
(e.g., Ryde 2004; Ryde & Pe’er 2009; Ryde et al. 2010, 2019; Pe’Er et al. 2012; Iyyani et al. 2013,
2015; Acuner & Ryde 2018; Zhang et al. 2018; Acuner et al. 2019; Li 2019a,b; Liang et al. 2019;
Ruffini et al. 2019a). These results were first discovered by the Burst And Transient Source Ex-
periment (BATSE) on board the Compton Gamma Ray Observatory (CGRO), and later confirmed
by the Gamma-ray Burst Monitor (GBM) on board the Fermi Gamma-ray Space Telescope. Mean-
while, the previous observations also revealed that thermal components exhibit diverse observational
properties. They either can be detected during the entire duration of the prompt emission (e.g.,
GRB 100507; Ghirlanda et al. 2013) or may be only found at the beginning of the burst duration,
and subsequently appear with a nonthermal component (e.g., Ryde 2004 for a BATSE sample and
Li 2019b for a Fermi sample). On the other hand, thermal components can be grouped into two
categories: the thermal-subdominant case and the thermal-dominant case. The former one invokes a
thermal-subdominant component embedded into a nonthermal-dominant component (e.g., 110721A;
Axelsson et al. 2012), while the later one invokes a thermal-dominant component accompanied by
a nonthermal-subdominant component (e.g., 090902B; Ryde et al. 2010) or even a ‘pure’ blackbody
(BB) emission (e.g., 930214, Ryde 2004). Noteworthy, the thermal-subdominant case can account
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for a majority of the observations while the thermal-dominant cases are rarely observed. GRB
090902B is the most prominent one that the thermal-dominant component is observed either in the
time-integrated spectral analysis (a dominant quasi-thermal component superposed on an underly-
ing power-law component; Abdo et al. 2009) or the time-resolved spectral analysis (a multi-color BB
component; Ryde et al. 2010).
A diverse spectral property found in the observations suggests that GRB ejecta may have a diverse
jet composition. It may be neither fully matter-dominated ejecta nor fully magnetized outflows.
More realistically, GRB outflows are likely to be a hybrid jet, which carries the two components
simultaneously and launches at the central engine. In such a scenario, which component plays a
leading role in the emission may be more important. Theoretically, the central engine models invoke
either a hyper-accreting and fast-rotating black hole or a rapidly spinning and highly magnetized
neutron star (magnetar). Therefore, a diverse jet composition is still expected: a hot component
due to neutrino heating from the accretion disk or the proto neutron star, and a cold component
associated with a Poynting flux launched from the black hole or the neutron star (e.g., Metzger et al.
2011; Lei et al. 2013; Gao & Zhang 2015).
The hybrid jet problem reported Gao & Zhang (2015) (see also Ryde 2004) introduces another
magnetization parameter σ0 on the basis of the traditional fireball model, which is defined as σ0 ≡
Lc/Lb, where Lb, Lc, and L0 = Lb + Lc are the luminosities of hot (fireball) component, cold
(Poynting-flux) component, and entire wind, respectively. The rapid evolution of the photosphere
emission proprieties is therefore expected to be a result of the rapid evolution of (η, σ0) pairs, where
η is the dimensionless entropy of the outflow. The time-varying (η, σ0) pair at the central engine
could give rise to different observational characteristics. If η  1 and σ0  1, a hot fireball with
a dominant photosphere emission component could be observed (e.g., GRB 090902B). Moreover, if
η is smaller while σ0 is larger, a subdominant photosphere emission component may be detected
due to the thermal emission being suppressed (e.g., GRB 110721A). Finally, if η is close to unity
and σ0  1, we would only detect a nonthermal spectral component (e.g., GRB 080916C) since
the outflow is fully dominated by a Poynting-flux component (highly magnetic outflow), and the
photosphere component is completely suppressed. Therefore, the hybrid problem describes a more
general picture, where the dimensionless entropy η (hot fireball component) and the magnetization
parameter σ0 (cold Poynting-flux component) are two key parameters at the central engine. In such
a hybrid problem, the hot matter-dominated outflow described by the pure fireball model (η  1
and σ0  1) and the magnetized jet related to Poynting-flux-dominated outflow (η ∼ 1 and σ0  1)
are two extreme cases, which have been fully studied. However, a general picture of a hybrid system
was rarely investigated before Gao & Zhang (2015). Motivated by the introduction of the general
formalism, which can cover all different possible cases, Gao & Zhang (2015) developed a theory of
photosphere emission of a hybrid relativistic outflow. On the basis of an approximate dynamical
evolution model of the hybrid system, two methods are proposed: the first one is the ‘bottom-up’
approach to predict the temperature (Tobs) and luminosity (LBB) of the photosphere emission for
a given pair of parameters (η, σ) at central engine; the second one is the ‘top-down’ approach to
diagnose central engine parameters (η, σ) based on the observed quasi-thermal photosphere emission.
They pointed out that adopting the ‘bottom-up’ approach, we could reproduce a variety of observed
GRB prompt emission spectra by Fermi for the non-dissipative photosphere model if the (η, σ) pair
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are allowed to vary in a wide range, and applying the ‘top-down’ approach to GRB 110721A, we can
well explain the observational data.
Practically, it is more interesting to utilize the observational data to diagnose the properties at the
central engine. Therefore, an attractive question is to know how the hybrid model can account for
a large sample of Fermi bursts. Here, we address different questions based on the same Fermi GRB
sample in a series of papers, focusing on the cases that the two-component spectral scenario (com-
posited with a nonthermal component and a thermal component simultaneously) is clearly observed
in their time-resolved spectral analysis. In the first paper of this series (Li 2019a, hereafter Paper I),
we presented the study on how the thermal components affect the nonthermal spectral parameters.
In this work, we continue our systematic study by applying the same GRB sample (listed in Table 1
of Paper I) as well as the ‘top-down’ approach of Gao & Zhang (2015) to diagnose the photosphere
properties of a hybrid relativistic outflow. Meanwhile, we conduct a statistical analysis of the central
engine properties of a large GRB sample. The goal in this task is to re-investigate the central engine
properties by constraining the hybrid model with the observed data.
The paper is organized as follows: in Section 2, we present the methodology, which includes sample
selection, data reduction, Bayesian inference, and Markov Chain Monte Carlo (MCMC) methods. In
Section 3, we describe the fireball dynamical evolution of a hybrid relativistic outflow photosphere
emission, and discuss some derived physical parameters. The results on constraining a hybrid jet
system with our sample are presented in Section 4. The conclusions and discussions are illustrated in
Section 5. Throughout the paper, the standard Λ-CDM cosmology with the parameters of H0 = 67.4
kms−1 Mpc−1, ΩM = 0.315, and ΩΛ = 0.685 is adopted (Planck Collaboration et al. 2018), and the
convention Q = 10xQx is adopted in cgs units.
2. METHODOLOGY
2.1. Sample Selection and Data Reduction
We included in our analysis all the GRBs detected by the Fermi-GBM until 2019 March 31 and
having a reported photospheric component in the spectrum. We focus on the Fermi-GBM observation
since it covers a broad spectral window in energy (8 keV-40 MeV), and therefore the current GRB
spectral models can be fully characterized. The GBM (Meegan et al. 2009) contains 12 sodium iodide
(NaI; 8keV-1MeV) detectors (n0 to n9, na and nb) as well as 2 bismuth germanate (BGO; 200keV-
40MeV) detectors (b0 and b1). The Time Tagged Event (TTE) and spectral response (rsp) files are
used for the selected sets of detectors. We select at most three NaI detectors in order to obtain an
angle of incidence less than 60◦ and one BGO detector with the lowest angle of incidence (Goldstein
et al. 2012; Narayana Bhat et al. 2016) for the spectral analysis. A sample of 13 Fermi-GBM such
bursts are available, and the detail spectral properties of these bursts have been reviewed in paper I.
The sample is presented in Table 1 of paper I.
All temporal and spectral analysis in this work is implemented by adopting the Bayesian analysis
package, i.e., the Multi-Mission Maximum Likelihood Framework (3ML, Vianello et al. 2015). Such a
fully Bayesian approach was first applied in Li (2019b) for a Fermi-GBM bright GRB spectral catalog
(see also Burgess et al. 2019; Li 2019a; Ryde et al. 2019; Yu et al. 2019). The background is fitted by
selecting two typical off-source (pre- and post-source) intervals with an order 0-4 polynomial for the
brightest NaI detector in photon counts, and the optimal order of the polynomial is determined by a
likelihood ratio test. This optimal polynomial is then applied to fit each of the 128 energy channels
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so as to estimate the background model for the rate in that channel. By integrating the optimal
polynomial over source interval, we can obtain the background photon counts for each channel. We
use the maximum likelihood-based statistics, the so-called Pgstat, given by a Poisson (observation,
Cash 1979)-Gaussian (background) profile likelihood. Additionally, the error on the background can
also be evaluated by assuming its distribution to be a Gauss. At least one background count per
spectral bin is included to allow the Gaussian profile to be valid. In order to perform the time-resolved
spectral analysis, we adopt the Bayesian Blocks (BBlocks; Scargle et al. 2013) method with false alarm
probability p0=0.01 to rebin the TTE lightcurve of the brightest NaI detector. Subsequently, all other
used detectors are binned in matching time bins. If there is more than one triggered NaI detector,
we select the brightest one that has the highest significance during the source interval. Then, we
utilize it for the BBlocks and background fitting. On the other hand, in order to obtain a good
fitting result, we adopt S ≥ 20 (the definition of S see Vianello 2018) as the criterion to select the
time bins that include enough source photons. This is because the spectral parameters obtained
from the bins with lower S values (e.g., S < 20) typically have huge errors. To better infer physics
from the spectral parameters, we selected the bursts with five S ≥ 20 time bins (see also Li 2019b;
Ryde et al. 2019). Then, the sample was reduced to eight bursts with this criterion. These bursts
are GRB 081224, GRB 090719, GRB 090902B, GRB 100724B, GRB 110721A, GRB 160107A, and
GRB 190114C. The time-resolved spectral fitting results for each selected burst have been reported
in Tables 2-9 in paper I. Please note that we take the cut-off power-law (CPL) model as a proxy
for the Band model to perform the spectral analysis throughout the paper. This is because thermal
components are typically observed in the left shoulder of the Band spectrum (below Ep); its presence
does not affect the high-energy β index (above Ep). The definition of each used model is presented
in Appendix A1.
2.2. Bayesian Inference and MCMC Methods
The parameter estimation is the primary task when performing spectral fits. Practically, we can
apply either a frequentist analysis approach or Bayesian analysis method to achieve this goal. To
fit a model to data, the conventional wisdom in the frequentist approach can adopt χ2 minimization
or its variants, or more complex frequentist methods (e.g., Cstat, Pgstat) based on the Maximum
Likelihood Estimation (MLE) technique. However, these traditional frequency methods are known
to be problematic in some issues (e.g., Andrae et al. 2010; Greiner et al. 2016). In current years, the
Bayesian analysis technique has gained in popularity, and fitting the Bayesian statistical models by
adopting MCMC methods have become a standard tool for the parameter estimation in astronomy
(e.g., Burgess et al. 2019; Li 2019a,b). In Bayesian inference, after the experimental data is obtained,
Bayes’s theorem is applied to infer and update the probability distribution of a specific set of model
parameters. For instance, given an observed data set (D) and a profile model (M), the probabil-
ity distribution p(M | D), i.e., so-called Posterior probability, according to the Bayes’s theorem,
therefore is given by
p(M | D) = p(D |M)p(M)
p(M)
, (1)
where, p(D |M) is the likelihood that combines the model and the observed data and expresses the
probability to observe (or to generate) the data set D from given a model M with its parameters,
p(M) is prior on the model parameters, and p(D) is called evidence, which is constant with the
purpose of normalizing.
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The informative priors are adopted by using the typical spectral parameters from the Fermi-GBM
catalogue: 
αCPL ∼ N (µ = −1, σ = 0.5)
ECPL ∼ logN (µ = 2, σ = 1) keV
ACPL ∼ logN (µ = 0, σ = 2) cm−2keV−1s−1
kTBB ∼ logN (µ = 2, σ = 1) keV
ABB ∼ logN (µ = −4, σ = 2)cm−2keV−1s−1
(2)
The posterior distribution is obtained from the prior and sampling information, and the affection
from prior distribution will be weaker with the increase of the sampling information. According to
the Bayes’s formalism, only the simplest posterior allows for an analytic solution when we utilize
Bayesian posterior sampling. However, in most cases, a high-dimensional integration is required so
that the posterior is generally impossible to compute. Therefore stochastic sampling techniques, such
as MCMC (e.g., emcee; Goodman & Weare 2010) or nested (e.g., MULTINEST; Feroz et al. 2009,
2019) sampling methods, are necessary to be involved. In this paper, we employ the emcee to sample
the posterior. For each sampling, we set the number of chains (=20), the number of learning samples
(=2000) that we do not include in the final results, and the number of global samples (=10000).
Since the Bayesian analysis provides the predictions described as probability distributions instead
of point estimates, it provides the results that the uncertainty in the inferences could be quantified.
Therefore, the parameters and error estimations can be straightforwardly obtained from the posterior
distribution of any desired parameter. Probably, the posterior distribution deviates from any well-
studied distributions (e.g. Gaussian or Poisson). Instead, it has a skewed and/or multi-modal form.
Subsequently, the parameter estimation is obtained at A Maximum A Posteriori Probability from
Bayesian posterior density distribution. The error range (or the credible level) is estimated from
the Bayesian Highest Posterior Density (HPD) Interval, which covers a given percentage of the
total probability density. Uncertainty therefore adopted the HPD interval at the 1σ (68%) Bayesian
credible level, which is evaluated from the last 80% of the MCMC 10000 samples.
3. DERIVATION OF THE PHYSICAL PARAMETERS OF A HYBRID PROBLEM
GRB jets undergo different accelerate phases for different physical scenarios, as well as its accel-
eration laws. For the fireball model, the jet undergoes two phases: the acceleration phase and the
coasting phase. In the acceleration phase, the bulk Lorentz factor Γ would initially abide by a sim-
ply linear law with radius r, Γ ∝ r, until reaching the saturation radius rs, where Γ reaches to the
maximum value defined by η, therefore, Γ = rs/r0 ≡ η. Here, r0 is the initial size of the flow, η is the
initial internal energy per particle, which is defined as η ≡ E/Mc2 or η ≡ Lw/M˙c2, M˙ is the mass
injection rate, c is the speed of light, and Lw is the isotropic equivalent burst luminosity. When the
photosphere radius exceeds the saturation radius (coast phase), Γ ≡ η (Meszaros & Rees 1993; Piran
et al. 1993). Then, the flow will be in the coasting phase, and Γ stays the same at the maximum
value until it gets to the IS radius. Finally, it enters into the deceleration phase.
For the Poynting-flux-dominated outflow, the magnetized jet may encounter three phases: the rapid
acceleration phase, the slow acceleration phase, and the coasting phase. Two acceleration phases have
different acceleration laws, which are separated by the ‘Magneto-Sonic point’ at rra (the radius of
rapid acceleration). The acceleration law may be described with a power-law scaling, Γ ∝ rλ, with
Constraining the Hybrid Jet Model 7
power-law index ranging within 1
2
< λ ≤ 1 (e.g., Komissarov et al. 2009; Granot et al. 2011) during
the rapid acceleration phase (r0 < r < rra), while it may be written as a general scaling, Γ ∝ rδ,
with 0 < δ ≤ 1
3
(e.g., Me´sza´ros & Rees 2011; Veres & Me´sza´ros 2012) during the slow acceleration
(rra < r < rs), until reaching the coasting radius rc where Γ reaches σ0. Finally, the flow will be in
the coasting phase (r > rs). In this phase, one has Γ ≡ Γc.
For the hybrid jet system, the jet dynamic still undergoes three phases separated by rra and rs.
Initially, it is the rapid acceleration phase dominated by the thermal acceleration (r0 < r < rra)
until the rapid acceleration radius rra, then the slow acceleration phase dominated by the magnetic
acceleration (rra < r < rs) until the saturation radius rs (Me´sza´ros & Rees 1997; Vlahakis & Ko¨nigl
2003; Gao & Zhang 2015); finally, it is the coasting phase (r > rs), where rra it is defined by the
larger one of the thermal coasting radius or the magneto-sonic point. Therefore, the acceleration
law can approximately be written as Γ ∝ r for the rapid acceleration phase, Γ ∝ rδ during the slow
acceleration phase, and Γ ≡ Γc when in the coasting phase.
In this paper, we focus on applying the observed data to diagnose the properties at the central
engine for a hybrid problem. Such an interesting question was first worked out by Pe’er et al.
(2007) for the pure fireball model. Three observed quantities can be obtained from the spectral fits:
the observed BB temperature kTobs, the observed BB flux FBB, and the observed total flux Fobs
(thermal+nonthermal). Once we know all of these three observed quantities (kTobs, FBB, and Fobs),
we can infer the values of the isotropic equivalent luminosity of the thermal component LBB, the
Lorentz factor of the bulk motion of the flow at the photospheric radius η, and the physical size at
the base of the flow r0, through applying the method developed in Pe’er et al. (2007) for the case
1 of
rph > rc. In the pure fireball model, three unknowns (LBB, η, and r0) can be solved by three known
observed parameters (kTobs, FBB, and Fobs).
In the hybrid problem, there are four unknown parameters at the central engine (Lw, r0, η, and
σ0) since another parameter σ0 is introduced. Hence, it is unlikely to solve all of these four unknown
parameters from the observed data. In this scenario, considering a realistic central engine, Gao &
Zhang (2015) suggested that assuming a constant r0 throughout a burst for analysis could be more
reasonable. Following this concept, we can also derive all the relevant photosphere properties for a
hybrid problem (e.g., η, 1+σ0, rph, Γph, 1+σph, 1+σr15), where rph is the photosphere radius, Γph is
the bulk Lorentz factor at rph, 1+σph is the magnetization parameter at rph, and 1+σr15 is the mag-
netization parameter at 1015 cm. Since the BB component is predicted only in the non-dissipative
photosphere models, we pay special attention to such models. On the other hand, the magnetically
dissipative photosphere models predict a much higher Ep, which is disfavored by the observed spec-
trum (Be´gue´ & Pe’er 2015). There are six different regimes for the photosphere properties in the
hybrid system2, which can be applied for outflows in the case of both sub-photospheric magnetic
dissipation and non sub-photospheric magnetic dissipation. Regime I: η > (1 + σ)1/2 and rph < rra;
Regime II: η > (1 + σ)1/2 and rra < rph < rc; Regime III: η > (1 + σ)
1/2 and rph > rc; Regime IV:
η < (1 + σ)1/2 and rph < rra; Regime V: η < (1 + σ)
1/2 and rra < rph < rc; Regime VI: η < (1 + σ)
1/2
and rph > rc. Similarly, the central engine parameters cannot be inferred in the case of rph < rra due
1 Note that the method cannot be applied for the cases of rph < rc since due to degeneracy.
2 This is because the photosphere radius rph can be in three different regimes separated by rra and rc, and the
Lorentz factor at rra, Γra has two different possible values for different central engine parameters: η > (1 + σ)
1/2 and
η < (1 + σ)1/2.
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to the degeneracy for the hybrid problem (regimes I and IV). Therefore, our analysis will focus on
the case of rph > rra (regimes II, III, V, and VI).
4. RESULTS
We report the properties of the physical parameters of our sample for the hybrid problem in Table
1. For each burst, we present the results with three different r0 values: r0=10
7 cm, r0=10
8 cm, and
r0=10
9 cm. For the bursts without redshift, we utilize a typical value (z = 2) instead. We will discuss
further in §5 for why these values are adopted. By using the ‘top-down’ approach of Gao & Zhang
(2015), we then derive all the relevant parameters of the hybrid problem at the central engine (η,
1+σ0, rph, Γph, 1+σph, 1+σr15). The inferred physical parameters depend on an assumed constant r0
for the hybrid problem, which has been suggested in Gao & Zhang (2015). We present the temporal
properties of these physical parameters as well as the two observed parameters (the ratio between
the BB to total flux FBB/Fobs and the BB temperature Tobs) for each burst in Figures 1-8.
We find that the temporal properties vary from burst to burst, even the same burst uses different
values of r0. To better express the temporal evolution properties of physical parameters, we denote
different types (see Table 1 and below for detail definitions). Different temporal properties of the
physical parameters may imply different central engine properties. For instance, (1+σ0) is expected
to initially increase with time in some engine models (e.g., Metzger et al. 2011). The pure fireball
model predicts Γph initially rises with time, whereas both IS and ICMART scenarios expect Γph
decreases with time.
The analysis of characteristics on the temporal evolution of physical parameters has led up to
identifying the following unique features of our sample:
• GRB 110721A. The time-resolved spectral analysis shows that 10 time bins that satisfy with
our selection criteria (see §2). Through the regime judgment, we obtain 8, 8, and 6 time bins
for r0=10
7 cm, r0=10
8 cm, and r0=10
9 cm, respectively. We therefore use these time bins
for physical inference. The redshift z=0.382 is reported in Berger (2011). Figure 1 presents
the temporal evolution of physical parameters with different r0 values for the hybrid problem.
Throughout the burst duration, we find that for all r0, the derived η  1 for all time bins
and the derived (1+σ0) is greater than unity for a majority of time bins. The results indicate
that in addition to a hot fireball component, another cold Poynting-flux component may also
play an important role at the central engine. Moreover, we find that η shows a monotonic
decreasing (d.) trend while (1+σ0) exhibits a decrease-to-increase (d.-to-i.) trend, which is
consistent with what is expected in some engine models (e.g., Metzger et al. 2011). On the
other hand, rph presents an increase-to-decrease (i.-to-d.) trend and Γph also shows a monotonic
decrease. Interestingly, a good fraction of time bins for both (1+σph) and (1+σr15) are above
unity, which suggests that the radiation mechanism of nonthermal components for this burst
may be an ICMRAT event rather than IS.
The fitted parameters (e.g., FBB, Fobs, and kT ) obtained from different analysis (frequency or
Bayesian) methods may differ. The inferred physical parameters by utilizing the fitted param-
eters obtained from Iyyani et al. (2013) are shown in Figure A1 (z=0.382) and A2 (z=3.512),
while those from our Bayesian analysis are presented in Figure 1.
• GRB 081224. Burgess et al. (2014) reported the time-resolved spectral analysis. They suggested
that the acceptable spectral fits required an additional BB component to the synchrotron
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component. This result is confirmed by our Bayesian analysis. No redshift is reported for
the burst, we therefore use a typical value (z=2). In total, we include five time bins for the
analysis. The numbers of time bins of the regime judgment for each value of r0 are listed
in Table 1 (Column 4). We find that η  1 for all time bins, and they show a monotonic
decreasing behavior (Figure 2). While (1+σ0) rapidly rise from ∼ 1 then decay later as a
power law. When it reaches its maximum value, η reaches its minimum value correspondingly.
The results suggest that the outflow for the burst could be dominated by a cold Poynting-flux
component. On the other hand, both rph and Γph present a decrease-to-increase trend. A few
time bins for both (1+σph) and (1+σr15) are above unity, which indicates that the ICMRAT
event may be the preferred model than IS to explain the nonthermal component for the burst.
• GRB 090719. The burst was also revealed that the best model for the spectral fits require an
additional BB component (Burgess et al. 2014), which is consistent with our Bayesian analysis.
We obtain 12 time bins. Among these, 11, 10, and 7 bins satisfy with the regime judgment
for r0=10
7 cm, r0=10
8 cm, and r0=10
9 cm, respectively. Again, we apply a value of z=2 as a
proxy for redshift. The temporal evolution of the physical parameters and the observational
parameters are shown in Figure 3. Still, we find that η  1 for all time bins with moderate-σ0
for most time bins, i.e., (1+σ0)>1. Except that, we also find that the derived (1+σ0) shows
monotonic increases (i.) with time, which is consistent with the expectation in some central
engine models (e.g., Metzger et al. 2011). On the other hand, rph and Γph generally present a
flat-to-decrease (f.-to-d.) trend. A few time bins for (1+σph) as well as (1+σr15) are slightly
greater than unity while the others are close to unity. One can tentatively draw the conclusion
that a strongly cold Poynting-flux component is found in this burst. It is not clear that whether
the ICMRAT event or IS is the radiation mechanism of nonthermal components for the burst,
because it depends on which r0 value is the true size at the central engine.
• GRB 100707. The burst was also analyzed in Burgess et al. (2014), and it was also suggested
that an additional thermal component should be added to the spectral fitting in order to obtain
an acceptable fitting. We include 11 time bins, and 11, 11, and 8 time bins satisfy with the
regime judgment for r0=10
7 cm, r0=10
8 cm, and r0=10
9 cm, respectively. Redshift is still
adopted a typical value, namely, z=2. All time bins show η  1, and present flat-to-decrease
evolution, while (1+σ0) is initially close to unity and then increases (f.-to-i.) rapidly (Figure
4). Moreover, rph show an increase-to-decrease temporal trend while Γph generally present a
slow-to-fast decrease. We find that (1+σph) shows a very similar behavior in contrast to (1+σ0).
Almost all of time bins for (1+σr15) are close to unity (see Figure 4), implying that IS plays a
more important role than ICMRAT to explain the nonthermal emission. The results suggest
that a cold Poynting-flux component plays a prominent role at a later time since the derived
(1+σ0) is larger than unity for all r0. This is consistent with the observation that the thermal
flux ratio (FBB/Fobs) presents a strong temporal evolution (it decays rapidly with time) during
the duration (Li 2019a).
• GRB 100724B. After conducting the detailed time-resolved spectral analysis, Guiriec et al.
(2011) pointed out that the spectrum of GRB 100724B is dominated by the typical Band
function, including a statistically significant thermal contribution. This burst is very bright,
and many more time bins are available for the analysis. In total, we obtained 33 time bins.
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There are 32, 31, and 30 time bins respectively conform to the regime judgment for r0=10
7 cm,
r0=10
8 cm, and r0=10
9 cm. There is no redshift observation, and we still utilize z= 2. Thermal
flux ratio slightly increases while BB temperatures generally show a flat (f.) trend (Figure 5).
We find that η  1 for all time bins and shows a slightly monotonic-increase trend, while the
derived (1+σ0) >1 for almost all of time bins and presents a monotonic decrease trend. On the
other hand, rph and Γph generally present a flat behavior. We also find that the derived (1+σph)
and (1+σr15) show a r0-dependent behavior, i.e., nearly all time bins for a large r0 (r0=10
9cm)
are beyond unity but for a smaller r0 (r0=10
7 cm) are close to unity. This implies that whether
ICMRAT or IS is the mechanism to power the nonthermal emission depends on which r0 is the
true size at the central engine. A firm conclusion that can be drawn for this burst is that a
prominent Poynting-flux component and a fireball component are both observed. Therefore, a
hybrid jet problem should be considered.
• GRB 190114C. After performing the detail time-resolved spectral analysis and model compar-
isons, Wang et al. (2019) recently reported that during the first spike of the burst, adding a BB
greatly improves the fitting over the CPL model—around 2.7 to ∼ 5.5 s. This burst is a very
bright, and we include 18 time bins from 2.7 to 5.5 s. Through regime judgment, 17, 17, and
9 time bins are obtained for r0=10
7 cm, r0=10
8 cm, and r0=10
9 cm, respectively. Redshift is
adopted z= 0.424 reported by Selsing et al. (2019). The thermal flux ratio is very high (Figure
6) and without significant evolution, with an average ∼ 30% for all time bins, which is much
higher than the typical observations. BB temperature generally shows a monotonic decreasing
behavior. All time bins show η  1 while for a majority of time bins the derived (1+σ0) is
∼ unity for a small r0 (107cm) but above unity for a large r0 (109 cm) (r0-dependent). Also,
we find that rph shows increases while Γph generally present a flat-to-decrease temporal trend.
Interestingly, no time bins for all r0 the derived (1+σr15) are above unity (r0-independent),
while (1+σph) show a r0-dependent behavior.
• GRB 090902B. The burst shows the thermal dominate form (Ryde et al. 2010), both in the
time-integrated or time-resolved spectral analysis. Moreover, GRB 090902B is a very bright
burst, and 48 time bins are obtained. The redshift of z=1.822 was measured by Cucchiara
et al. (2009). Three radii (r0=10
7 cm, r0=10
8 cm, and r0=10
9 cm) correspond to 47, 47, 33
bins, satisfying with the regime judgments. In Figure 7, we present temporal evolutions of all
physical parameters, ratios, and BB temperature. The thermal flux ratios reach a very high
value at early times, with an average value ∼ 70%, then decrease to ∼ 20 % at later times.
We find that all time bins show η  1 and show dramatic flat-to-decrease properties. Both
(1+σ0) and (1+σr15) exhibit a r0-dependent behavior, while there is no time bin for all r0
the derived (1+σr15) is greater than unity, indicating that IS is the mechanism to power the
nonthermal emission. Interestingly, rph shows a flat-to-increase behavior whereas Γph presents
a flat-to-decrease behavior.
• GRB 160107A. The burst is another case which reveals the thermal-dominant form, and
Kawakubo et al. (2018) suggests the best spectral model is PL+BB. No redshift is reported and
z =2 is still adopted. All nine time bins still show η  1 and showing a flat behavior (Figure
8). Furthermore, we find that both (1+σ0) and (1+σph), as well as rph and Γph, also present
a flat temporal trend throughout the duration. r0-dependent behavior is significantly found in
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both (1+σ0) and (1+σph). We do not find any time bin where (1+σr15) is greater than unity,
implying that IS is the dominant mechanism to power the nonthermal emission.
In order to have a global view on the statistical properties of the physical parameters for the hybrid
problem, we present the distributions of each relevant physical parameter, comparing them with three
typical values of r0 (Figure 9). For a small r0, we find η tends to be large while (1+σ0) tends to be
small. The peaks of η are distributed at ∼ 150 for r0=109 cm and at ∼ 4×103 for r0=107 cm, while
the peaks of (1+σ0) are close to unity for r0=10
7 cm and ∼ 10 for r0=109 cm. We find that (1+σ0)
typically ranges within (1 ∼ 100) for all selected r0 values. On the other hand, both rph and Γph
generally share the same peak between different values of r0 (except for r0=10
9 cm), in which the
peaks are around 1012 cm for rph and ∼ 500 for Γph. We do not find a clear trend for (1+σ15) and
(1+σr15) due to a small sample size.
In Figure 10, we display some key correlation analysis for the hybrid parameters. We find that the
η-(FBB/Fobs) plot shows a clear monotonous-positive relation, whereas both the (1+σ0)-(FBB/Fobs)
and η-(1+σ0) plots present a strong monotonous-negative relation. The results are consistent with
the predicted expectation in the hybrid model—a high thermal flux ratio tends to be a high η and
small (1+σ0). The thermal flux ratio and η track each other since both denote the strength of the
thermal component. Therefore, both of them have an opposite relation with (1+σ0). For rph-Γph, we
also find a positive relation. For η-kT and (1+σ0)-kT relations, we do not find a clear trend.
5. CONCLUSION AND DISCUSSION
GRB jets are more likely to originate from a hybrid system, which consists of a quasi-thermal (hot
fireball) component as well as a nonthermal (cold Poynting-flux) component at the central engine
concomitantly. The hybrid model has been discussed in detail in Gao & Zhang (2015). However, it
has not yet been applied to a large sample of Fermi GRBs. In this paper, we first applied the top-
down approach of Gao & Zhang (2015) to diagnose a large sample of Fermi GRBs with the detected
photosphere component, and then carried out a statistical analysis of the central engine properties.
In total, we included eight such GRBs for our analysis (see our Paper I for details). In order to
obtain the observational parameters, we first employed a Bayesian analysis and MCMC method to
fit our sample. Three observed quantities are obtained, including: BB temperature kT , BB flux FBB,
and thermal flux ratio FBB/Fobs. After the regime judgment, we inferred all the relevant physical
parameters for the hybrid problem from the corresponding formula of each regime (see Appendix A2),
including η, (1+σ0), rph, Γph, (1+σph), and (1+σr15). Our analysis is based on the assumption that
r0 is a constant. Considering several realistic scenarios for a central engine, we adopted three typical
values of r0: r0=10
7cm, r0=10
8cm, and r0=10
9cm. For the busts without redshift observation, we use
a typical value (z = 2) instead. After analyzing the evolutionary properties of the physical parameters
in our sample, we found η  1 in all time bins of all bursts, indicating a hot fireball component.
We also found that in some time bins in five bursts (GRB 081224, GRB 110721A, GRB 090719,
GRB 100707, and GRB 100724) the derived (1+σ0) is greater than unity for all selected r0 values,
implying that a cold Poynting-flux component may also play an important role for these GRBs, and
therefore the hybrid jet problem must be involved. The other three bursts (GRB 190114C, GRB
090902B, and GRB 160107A) show r0-dependent behavior, which means whether this is possible
or not depends on which r0 is the true size at the central engine. If r0 is small (=10
7cm), one
has (1+σ0) ∼ 1, this in agreement with the case of η1 and σ01 in the hybrid problem; if r0
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is large (=109cm), we have (1+σ0) > 1, this still can be explained by the hybrid problem, where
η is smaller and σ0 is larger. Interestingly, we found that (1+σr15)>1 for some time bins for all r0
in GRB 081224 and GRB 110721A. This indicates that the ICMART event rather than IS is the
mechanism to power the nonthermal emission. Other GRBs, either exhibit r0-dependent behavior
(GRB 090719, GRB 100707, GRB 100724B, and GRB 160107A), or have no time bin (GRB 190114C
and GRB 090902B) satisfying (1+σr15) >1. Temporal properties of the physical parameter show
that basically, the thermal flux ratio is directly proportional to η, but inversely proportional to
(1+σ0), which is the natural expectation predicted by the hybrid problem. Since a high thermal
flux ratio indicates a strong thermal component and a weak cold Poynting-flux component, η should
be large and (1+σ0) should be small. Moreover, the global parameter relations show that the η-
(FBB/Fobs) plot presents a monotonic-positive relation, whereas the (1+σ0)-(FBB/Fobs) plot shows
a monotonic-negative relation. In conclusion, in a more general hybrid jet model, which introduces
another magnetization parameter σ0 on the basis of the traditional fireball model, at least a majority
of Fermi bursts (probably all) can be well interpreted.
Finally, in our analysis, several caveats are worth mentioning. The first one is the problem of the
selection value of r0. In the hybrid problem, our analysis is based on the assumption of a constant r0.
We adopted the values of three r0 (r0=10
7cm, r0=10
8cm, and r0=10
9cm), which span two orders of
magnitude. However, our results significantly vary with different r0 values. Since it is impossible to
give an accurately true value of r0, this leads us to make some not very confident explanations in some
cases. For instance, in GRB 09092B, the burst has the highest thermal flux ratio. When r0=10
7cm,
all time bins have (1+σ0)∼ 1. However, when r0=108cm, only a part of time bins show (1+σ0)∼
1. Moreover, when r0=10
9cm, no time bin has (1+σ0)∼ 1; rather, all time bins have (1+σ0)>1.
Such r0-dependent behavior is evidenced from another burst, GRB 190114C, which also has a very
high thermal flux ratio. Gao & Zhang (2015) studied a case (GRB 110721A) but applied different
r0 values: r0= 10
8 cm, r0= 10
9 cm, and r0= 10
10 cm. Using r0=10
10 cm for the analysis may be a
little big, since the size of a naked engine (a hyper-accreting black hole or a millisecond magnetar) is
r0 ∼ 107 cm, or for a ‘re-born’ fireball (considering an extended envelope of a collapsar progenitor),
r0 ∼ R∗θj ∼ 109R∗,10θj,−1 cm (where R∗ is the size of the progenitor star, and θj is the jet opening
angle). On the other hand, only a very small number of time bins of r0 = 10
10 cm can go through
the regime judgment (one for GRB 100707A, two for GRB 110721A, three for GRB 090902B, and
no time bin for other five bursts).
The second one is the redshift problem. In our sample, the redshift of more than half of the
GRBs is unknown. However, in reality, the derivation of some physical parameters require a redshift
measurement. In order to test the effect of various redshift values on the results, we compare the
temporal properties of the physical parameters with five different z values for GRB 110721A (Figure
A3): z = 0.382, z = 1, z = 2, z = 3.512, and z = 8. For simplicity, our test is only based on a
typical radius, r0 = 10
8 cm. 0.382 and 3.512 are two candidates of observed values of redshift for
GRB 110721A, as reported in Berger (2011), and the former is preferred. We find that the effect of
redshift is moderate, which has an impact on the results within one order of magnitude. Therefore,
our calculations are adopted a typical value (z = 2) for the bursts, whose redshift is unknown. More
interestingly, we find that η, rph, and Γph are more sensitive than (1+σ0), (1+σph), and (1+σr15)
replying on the selection of redshift. However, for those GRBs without redshift measurement, we
still need to be cautious in explaining the physical parameters.
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Last, our current work is based on the assumption that GRBs have a jet structure. There are some
other models (e.g., Induced Gravitational Collapse model) may also well account for the observations.
For example, in recent months there has been the identification of the GRB “inner engine” in GRB
130427A (Ruffini et al. 2019b). This inner engine, applied also to GRB 190114C, GRB 160509A and
GRB 160625B (Liang et al. 2019) evidenced that the MeV radiation observed by Fermi-GBM occurs
close to the Black Hole, is not collimated and has a self-similar temporal structure. Quantized GeV
emission, observed by Fermi Large Area Telescope, originates very close to the Black Hole horizon
and represents the GRB jetted emission (Rueda & Ruffini 2020).
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Table 1. Photosphere Properties of the Hybrid Jet Problem of Our Sample.
GRB z r0 Spectruma (Overall) η (1+σ0) rph Γph (1+σph) (1+σr15)
(Used Value) (cm) (Number) (Evolution) (Evolution,>1) (Evolution) (Evolution) (>1) (>1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
081224 2 107 5(5) d. i.-to-d., (4) d.-to-i. d.-to-i. 4 3
108 2(5) d. i., (2) d. d. 1 1
109 0(5) ... ... ... ... ... ...
090719 2 107 11(12) d. i., (7) f.-to-d. f.-to-d. 3 0
108 10(12) d. i., (10) f.-to-d. f.-to-d. 6 2
109 7(12) d. i., (7) f. f. 7 4
100707 2 107 11(11) f.-to-d. f.-to-i., (4) d. i. 2 0
108 11(11) f.-to-d. d.-to-i., (9) i.-to-d. f.-to-d. 4 2
109 8(11) d. d.-to-i., (8) i.-to-d. f.-to-d. 7 1
100724B 2 107 32(33) i. d., (22) f. f. 2 0
108 31(33) f. d., (31) f. f. 19 1
109 30(33) f. d., (30) f. f. 30 23
110721A 0.382 107 8(10) d. d.-to-i., (7) i.-to-d. d. 1 0
108 8(10) d. d.-to-i., (8) i.-to-d. d. 6 1
109 6(10) d. d.-to-i., (6) i.-to-d. d. 6 4
190114C 0.424 107 17(18) d. d., (0) i. d. 0 0
108 17(18) f. d., (12) i. f.-to-d. 3 0
109 9(18) f. f., (9) i. f.-to-d. 8 0
090902B 1.882 107 47(48) f.-to-d. f., (0) f.-to-d. f.-to-d. 0 0
108 47(48) f.-to-d. f., (29) f.-to-d. f.-to-d. 0 0
109 33(48) f.-to-d. f., (33) f.-to-i. f.-to-d. 31 0
160107A 2 107 9(9) f. f., (2) f. f. 0 0
108 9(9) f. f., (9) f. f. 1 0
109 9(9) f. f., (9) f. f. 9 2
Note.The parameters we list include: GRB name (Column 1), used value of redshift (Column 2), used value of r0 (Column 3), time bin of
passed regime judgements and total (Column 4), temporal properties of η 1 (Column 5), time bin of (1+σ0)>1 (Column 6), temporal
properties of rph (Column 7) and Γph (Column 8), time bin of (1+σph)>1 (Column 9), and time bin of (1+σr15)>1 (Column 10).
aThe inferred physical parameters are based on different regimes defined for the hybrid problem, which requires regime judgment, see Table
2 of Gao & Zhang (2015). To ensure that our methods are correct, we first adopt the same spectral data (obtained from Iyyani et al. 2013)
and values of r0 (r0=108 cm, r0=109 cm, and r0=1010) for a test case (GRB 110721A) as also used in Gao & Zhang (2015). We find our
results are the same as that of Gao & Zhang (2015), indicating our approaches are correct.
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Figure 1. Temporal evolution of thermal flux ratio, BB temperature, and all physical parameters (η, 1+σ0,
rph, Γph, 1+σph, 1+σr15) of the hybrid problem for GRB 110721A. The fitted parameters are obtained
from the best fitting of the CPL+BB model by using Bayesian analysis + MCMC method. The physical
parameters are calculated by using top-down approach of Gao & Zhang (2015), and considering the case in a
non-dissipative photosphere. Regime judgment is used from Table 2 of Gao & Zhang (2015). The redshift of
z=0.382 is adopted. Three values of r0 are used and different colors represent different values of r0: r0=10
7
cm (orange), r0=10
8 cm (green), and r0=10
9 cm (purple). Note that the two observed parameters (top
panels) share the same time scale in the linear-log plots while the physical parameters (all the other panels)
share the same time scale in the log-log plots.
18 Li.
Figure 2. Same as Figure 1, but for GRB 081224.
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Figure 3. Same as Figure 1, but for GRB 090719.
20 Li.
Figure 4. Same as Figure 1, but for GRB 100707.
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Figure 5. Same as Figure 1, but for GRB 100724B.
22 Li.
Figure 6. Same as Figure 1, but for GRB 190114C.
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Figure 7. Same as Figure 1, but for GRB 090902B.
24 Li.
Figure 8. Same as Figure 1, but for GRB 160107A.
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Figure 9. Distributions of characteristic parameters of the hybrid problem, which is based on the assump-
tions of constant values of r0: r0=10
7 cm (orange), r0=10
8 cm (grey), and r0=10
9 cm (purple). Upper-left
panel: for η-distribution; upper-right panel: for (1 +σ0)-distribution; middle-left panel: for rph-distribution;
middle-right panel: for Γph-distribution; bottom-left panel: for (1 + σph)-distribution; bottom-right panel:
for (1 + σr15)-distribution.
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Figure 10. Scatter plots of several characteristic parameters of the hybrid problem (based on all r0):
the η-(FBB/Fobs) plot (upper-left panel), the (1 + σ0)-(FBB/Fobs) plot (upper-right panel), the η-kT plot
(middle-left panel); the (1 + σ0)-kT plot (middle-right panel), the η-(1 + σ0) plot (bottom-left panel), and
the Γph-rph plot (bottom-right panel).
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APPENDIX
In this appendix, we present the definition of used models (Appendix A1); the expressions of the
regimes II, III, VI and V of ‘top-down’ approach (Appendix A2); and provide additional figures to
show the temporal evolution of the physical parameters of the hybrid problem for GRB 110721A but
based on the fitted parameters obtained from Iyyani et al. (2013) with different redshift (Appendix
A3).
A1. DEFINITION OF MODELS
The Band function (Band et al. 1993) in the photon number spectrum is defined as
fBAND(E) = A
{
( E
Epiv
)αexp(− E
E0
), E ≤ (α− β)E0
[ (α−β)E0
Epiv
](α−β)exp(β − α)( E
Epiv
)β,E ≥ (α− β)E0
(A1)
where
Ep = (2 + α)E0, (A2)
where A is the normalization factor at 100 keV in units of ph cm−2keV−1s−1, Epiv is the pivot energy
fixed at 100 keV, α and β are the low-energy and high-energy power-law photon spectral indices,
respectively. The two spectral regimes are separated by the break energy E0 in units of keV, and Ep
is the peak energy in the νFν space in units of keV.
The cutoff power law, or the so-called Comptonized model (COMP), which is written as
fCOMP(E) = A
(
E
Epiv
)α
exp(− E
E0
) (A3)
The single power law is defined as
fPL(E) = A
(
E
Epiv
)Γ
(A4)
where A is the normalization and Γ is the spectral index.
The BB emission can be modified by Planck spectrum, which is given by the photon flux
fBB(E, t) = A(t)
E2
exp[ E
kT (t)
]− 1 , (A5)
where E is the photon energy, k is the Boltzmann constant. The BB emission depends on two free
parameters only: temperature, T (t), and the normalization, A(t).
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A2. FORMALISM OF ‘TOP-DOWN’ APPROACH
For regime II (see also Eq.(37) in Gao & Zhang 2015), we have:
1 + σ0 = 25.5(1 + z)
4/3
(
kTobs
50keV
)4/3
×
(
FBB
10−8ergs−1cm−2
)−1/3
r
2/3
0,9 f
−1
th,−1f
−1
γ d
−2/3
L,28 ,
η = 74.8(1 + z)11/12
(
kTobs
50keV
)11/12
×
(
FBB
10−8ergs−1cm−2
)1/48
r
5/24
0,9 d
1/24
L,28,
rph = 1.78× 1010cm(1 + z)−25/12
(
kTobs
50keV
)−25/12
×
(
FBB
10−8ergs−1cm−2
)37/48
r
−7/24
0,9 d
37/24
L,28 ,
Γph = 46.4(1 + z)
−1/12
(
kTobs
50keV
)−1/12
×
(
FBB
10−8ergs−1cm−2
)13/48
r
−7/24
0,9 d
13/24
L,28 ,
1 + σph = 41.2(1 + z)
7/3
(
kTobs
50keV
)−7/12
×
(
FBB
10−8ergs−1cm−2
)−7/12
r
7/6
0,9 f
−1
th,−1f
−1
γ d
−7/6
L,28 ,
1 + σr15 = 1.08(1 + z)
59/36
(
kTobs
50keV
)59/36
×
(
FBB
10−8ergs−1cm−2
)−47/144
r
77/72
0,9 f
−1
th,−1f
−1
γ d
−47/72
L,28 ,
(A6)
For regime III and regime VI (see also Eq.(38) in Gao & Zhang 2015), we have:
1 + σ0 = 5.99(1 + z)
4/3
(
kTobs
50keV
)4/3
×
(
FBB
10−8ergs−1cm−2
)−1/3
r
2/3
0,9 f
−1
th,−1f
−1
γ d
−2/3
L,28 ,
η = 20.3(1 + z)−5/6
(
kTobs
50keV
)11/12
×
(
FBB
10−8ergs−1cm−2
)11/24
r
−2/3
0,9 f
−3/4
th,−1f
−3/4
γ d
11/12
L,28 ,
rph = 4.09× 1011cm(1 + z)−3/2
(
kTobs
50keV
)−5/8
×
(
FBB
10−8ergs−1cm−2
)5/8
f
−1/4
th,−1f
−1/4
γ d
5/4
L,28,
Γph = 121.3(1 + z)
1/2
(
kTobs
50keV
)1/2
×
(
FBB
10−8ergs−1cm−2
)1/8
f
−1/4
th,−1f
−1/4
γ d
1/4
L,28,
(A7)
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For regime V (see also Eq.(39) in Gao & Zhang 2015), we have:
1 + σ0 = 6.43(1 + z)
4/3
(
kTobs
50keV
)4/3
×
(
FBB
10−8ergs−1cm−2
)−1/3
r
2/3
0,9 f
−1
th,−1f
−1
γ d
−2/3
L,28 ,
η = 105.0(1 + z)7/6
(
kTobs
50keV
)7/6
×
(
FBB
10−8ergs−1cm−2
)5/24
r
1/12
0,9 f
1/2
th,−1f
1/2
γ d
5/12
L,28,
rph = 4.62× 1010cm(1 + z)−13/6
(
kTobs
50keV
)−13/6
×
(
FBB
10−8ergs−1cm−2
)17/24
r
−1/4
0,9 f
−1/6
th,−1f
−1/6
γ d
17/12
L,28 ,
Γph = 15.3(1 + z)
−1/6
(
kTobs
50keV
)−1/6
×
(
FBB
10−8ergs−1cm−2
)−5/24
r
−1/4
0,9 f
−1/6
th,−1f
−1/6
γ d
5/24
L,28,
1 + σph = 44.2(1 + z)
8/3
(
kTobs
50keV
)8/3
×
(
FBB
10−8ergs−1cm−2
)−1/3
r0,9f
−1/3
th,−1f
−1/3
γ d
−2/3
L,28 ,
1 + σr15 = 1.59(1 + z)
35/18
(
kTobs
50keV
)35/18
×
(
FBB
10−8ergs−1cm−2
)−7/72
r
11/12
0,9 f
−7/18
th,−1 f
−7/18
γ d
−7/36
L,28 .
(A8)
Here note that regime VI has the identical scalings as regime III. fγ is given by fγ=Lγ/Lw, which
connects the total flux Fobs to the wind luminosity Lw; and fth=FBB/Fobs, is the thermal flux ratio,
which can be directly measured from the data. fγ and r0 are taken as constants and can be estimated
to a typical values (e.g., fγ=0.5 and r0=10
8 cm.)
A3. ADDITIONAL FIGURES
Here we show the additional Figure A1-A3. For comparison, Figure A1 and A2 show the same
analysis for a studied case (GRB 110721A) but the fitted parameters are obtained from Iyyani et al.
(2013), which are baed on two candidates of observed values of redshift: z=0.382 (Figure A1) and
z=3.512 (Figure A2). Figure A3 displays the results of the different redshift, which is based on a
typical r0 value (10
8 cm).
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Figure A1. Same as Figure 1, but the fitted parameters are adopted from Iyyani et al. (2013). Here we
notice that η is less that Γph in some time bins, which is impossible. The reason is that the jet is still in the
acceleration phase; however, we use the coasting phase to derive physical parameters.
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Figure A2. Same as Figure A1, but redshift is adopted z=3.512.
32 Li.
Figure A3. Comparison of the evolutional properties of the physical parameters for the hybrid jet problem
with different redshifts, which is based on a typical value of r0 (=10
8cm). Different colors indicate different
redshift values. The fitted parameters are obtained from Iyyani et al. (2013).
